The feeding behaviour, excretion rate, and life history traits of the cotton-melon aphid, Aphis gossypii (Glover) (Homoptera, Aphididae), were measured on a resistant melon, Cucumis melo L., breeding line, AR 5. The site of resistance detection by the aphids was determined using the electrical penetration graph (EPG) technique. EPG recordings showed that resistance is expressed within the host plant, rather than on its surface, because the time to first stylet penetration was not significantly different between AR 5 and the closely related susceptible breeding line, PMR 5. EPG patterns associated with stylet pathway activities of the aphids were not significantly different between the resistant and susceptible lines. Significant behavioural differences were observed only after stylets contacted phloem sieve elements. On AR 5, the duration of salivation after sieve element puncture (waveform E1) was significantly longer, and the number of aphids showing phloem sap ingestion (waveform E2) was significantly reduced. We conclude that the resistance mechanism producing the effects seen in this study acts within the phloem sieve elements. Monitoring of excretion rates on the two genotypes showed that aphid feeding was delayed and greatly reduced on the resistant genotype. Comparisons of aphid life history traits and population development between host plant genotypes showed that the effects of resistance act throughout aphid development and are highly effective at slowing down population increase.
Introduction
The cotton-melon aphid, Aphis gossypii (Glover), feeds on a wide range of dicotyledonous plants including members of the Cucurbitaceae, where it is an agricultural pest on crops such as melon (Cucumis melo L.), cucumber, watermelon, and squash. One strategy for protection of these crops has been the development of breeding lines that express resistance to A. gossypii. Resistance has been identified in several sources of C. melo germplasm, with the best characterised sources originating from India (PI 414723, derived from PI 371795) (Kishaba et al., 1971; McCreight et al., 1992) and from Korea (PI 161375) (Pitrat & Lecoq, 1980) . This trait in the Indian accession was identified in 1959 and was found to exhibit three modes or categories of resistance to A. gossypii: tolerance, antixenosis, and antibiosis (Bohn et al., 1972) . Antibiosis caused a significant inhibition of aphid population growth (Kennedy & Kishaba, 1976) . Segregation analysis showed that antixenosis and antibiosis are controlled by a major dominant gene, although variation in resistance levels suggested the presence of modifiers Pitrat & Lecoq, 1982) . Resistance to A. gossypii in PI 414723 and PI 161375 was also found to be tightly linked, or possibly allelic, to a gene conferring reduced transmission of certain viruses by this aphid (Pitrat & Lecoq, 1980; Romanow et al., 1986) .
The first effects of plant resistance to insects are usually revealed at the behavioural level as the insect senses chemical and physical characteristics of its potential host. Initial contact with plant tissues is often the most critical phase in host selection and, for insects that feed on phloem sap, stylet penetration behaviour may also reveal much about the insect's sensory assessment of the plant. Electronic monitoring of homopteran feeding behaviour is a powerful tool for localising plant tissues in which resistance mechanisms are expressed (Montllor & Tjallingii, 1989; van Helden & Tjallingii, 1993) . The EPG technique allows monitoring of stylet positions and activities within a plant via the production of an electrical signal (Tjallingii, 1988) . Two types of monitoring systems have been developed, using either alternating current (AC) (McLean & Kinsey, 1964) or direct current (DC) (Tjallingii, 1978) . Kennedy et al. (1978) used the AC recording technique to compare probing behaviour of A. gossypii on resistant melon line 91213, derived from PI 371795, with that on a susceptible line, PMR 45. They found that a greater percentage of stylet penetrations included stylet contact with phloem sieve elements in resistant plants, and suggested that the resistance factor may be localised in the phloem.
The study by Kennedy et al. (1978) compared a resistant inbred line to genetically unrelated susceptible melon cultivars. There is little published material on the effects of this source of resistance on aphid behaviour and performance, in which resistant and susceptible melon lines possessing uniform genetic backgrounds are compared. The pedigree of resistant breeding line AR 5, derived from PI 414723, includes eight successive backcrosses to the susceptible line PMR 5 (McCreight et al., 1984) , making these two lines highly uniform in their genetic makeup. Consequently, comparative studies of A. gossypii behaviour and performance on these closely related lines may provide valuable new insights into this mechanism of aphid resistance. In our studies we characterised the effects of resistance in AR 5 on the feeding behaviour, excretion rates, life history traits, and population development of A. gossypii, and compared these to results from susceptible line PMR 5. We present evidence for a phloem-localised resistance mechanism and discuss its possible mode of action against A. gossypii.
Materials and methods

Plants.
For all experiments, cantaloupe melon breeding lines AR 5 (aphid resistant) and PMR 5 (aphid susceptible) were grown in 10 cm pots. A third, highly susceptible variety of honeydew melon, 'Green Flesh', was used for maintaining a colony of A. gossypii to avoid any influence of experience on feeding behaviour or aphid performance during experiments. Plants for the EPG experiments were maintained in a glasshouse at 28 5 C with an artificially-extended daylength (L18:D6). Those for life history experiments were grown in a glasshouse, maintained at 24 7 C and under natural lighting (approximately L12:D12) with relative humidity between 20% and 60%. Plants for all other aphid performance studies were grown in a controlled environment growth chamber at 26 C under L16:D8, and 60% r.h. In all experiments, aphids were tested on pre-senescent leaves of 50% expansion.
Insects. A. gossypii used in the feeding behaviour studies were reared on Green Flesh honeydew melon in a controlled environment room at 20 C and L16:D8. The insects used for all other experiments were from a colony maintained on Green Flesh honeydew melon for 50 generations at 23 C and L16:D8. Aphids were reared in conditions where there was always sufficient foliage for feeding. Experiments to study feeding behaviour, excretion, and developmental expression of resistance were started using insects less than 24 h after their adult moult.
Developmental expression of resistance. To determine the developmental expression of the resistance trait, five plants of each genotype were arranged in a randomised complete block design and infested on the abaxial surface of the third, fifth, seventh, and eighth true leaves. Leaf widths were measured at the time of infestation and varied from 42-100% full width (mean width over the 5-day test period: 3rd true leaf = 100%; 5th = 75%; 7th = 58%; 8th = 46%). Two adult apterae were transferred from honeydew melon and confined on the test leaves in each of the clip cages of 2.5 cm diameter. The total number of nymphs in each cage was counted at the end of 5 days. Total nymph production on the leaves was compared using ANOVA to determine whether the resistance phenotype was affected by the stage of leaf expansion.
Feeding behaviour. Adult apterae were collected from the colony and starved in Petri dishes for 1 h prior to EPG recordings, to standardise aphid experience immediately before experiments. The dorsal surface of the abdomen of each test insect was connected to a fine (20 m diameter) 3 cm gold wire with electrically conductive silver paint. The other end of the wire was connected to one input of an amplifier and the aphid was lowered onto the abaxial surface of the (inverted) second true leaf of a melon plant. All plants and insects were inside a Faraday cage during recording, at an ambient temperature of 25 2 C. EPG recordings were made with a Giga 4 DC amplifier with 4 channels and 10 9 input resistance (Wageningen Agricultural University, The Netherlands), which enabled direct data recording onto a computer hard disc (Tjallingii, 1988) . Aphids were lowered onto the leaf surface of test plants at T 0 and remained on the plants for 3 h. Insects were observed periodically to check that they were still in contact with the plant. EPG patterns were recorded throughout the duration of each experiment, and the start of stylet penetration was designated as P 0 . Electrical signals from probing activities were converted using the Stylet 2.0 application program (Tjallingii & Mayoral, 1992) to produce a graphical representation of the signals, from which the duration and frequencies of distinct behaviour-associated waveforms (Tjallingii, 1988) were calculated. The biological interpretations of the different EPG parameters used in this study are as follows; C -pathway activities including salivary sheath secretion, stylet movement through plant tissues and brief cell punctures (includes waveforms A, B and C); F -high frequency stylet movements; E1 -salivation activities following sieve element puncture; E2 -phloem sap ingestion (Tjallingii, 1988 (Tjallingii, , 1994 Prado & Tjallingii, 1994) . Use of a four-channel amplifier enabled simultaneous recording from two insects on each melon line. Twenty-one aphids were tested on both the resistant and susceptible lines.
The proportions of insects exhibiting pattern C and waveforms F, E1 and E2 (Tjallingii, 1988) were calculated at each 15 min interval after T 0 . These data were used to provide a graphical overview of the temporal development of stylet activities for the insects tested on AR 5 and PMR 5 lines. Frequencies of particular EPG parameters were calculated from the EPG recordings, and compared between the two genotypes using the t-test. The duration of various EPG parameters (Table 1) were not normally distributed, and so the Mann-Whitney U test was used for analysis of these data, and medians were calculated as measures of central tendency. Count data were analysed using the chi-square test with Yates' correction.
Honeydew excretion. Excretion rates of aphids feeding on the two genotypes were measured using a 30 cm diameter Plexiglas disc attached to the dial of an electrical appliance timer. The dial and disc rotated in a horizontal plane at one revolution per 24 h. A 30 cm circle of filter paper was treated with a 0.1% solution of bromophenol blue (staining it yellow) and, when dry, was marked with radiating lines set 1 h apart. The paper was then mounted on the rotating disc. Four openbottomed clip cages were each attached to arms positioned in such a way that the clip cages were 5 mm from the paper surface, over different parts of the disc. The cages were then clipped onto single melon leaves on four individual plants (two of each genotype). Apterae were starved for 3 h before being placed in clip cages. Each of the four cages confined a single feeding aphid to a 6.45 cm 2 abaxial leaf area, such that the honeydew droplets fell directly onto the paper surface, turning it from yellow to blue. In each experiment, honeydew production by single aphids on two plants of each genotype was recorded for a 12 h period. The experiment was repeated on three different days, providing data from six aphids for both melon lines. Total droplet production after 12 h on the two melon lines was compared with ANOVA, with days analysed as blocks.
Life history traits. Ten plants of each melon line were placed in a glasshouse 4 weeks after emergence, in a completely randomised design. Performance of single aphids, confined in 2.5 cm diameter leaf clip cages, was monitored on both the third and fourth true leaves of each plant. A single newly deposited nymph was established in each cage by placing three alatae into each cage for 24 h, after which time all adults and all but one nymph were removed. Daily observations were made to record life history traits throughout the life of each aphid. During the reproductive period, all nymphs produced in the preceding 24 h were counted and removed, leaving the original females in place. Pre-reproductive, reproductive and post-reproductive periods were calculated for aphids on both melon lines. In addition, the total number of nymphs deposited, mean daily deposition, and lifespan were calculated. Wall (1933) observed a positive correlation between colour intensity and adult body size in A. gossypii, and we therefore noted the colour of each aphid on the first day of reproduction, as an indirect measure of body size. A score from 1 to 5 was assigned to each adult, where 1 = pale yellow and 5 = dark green.
On some leaves, particularly those of line AR 5, alatae took more than 24 h to start depositing nymphs. Leaves were re-infested if apterous nymphs died before the final moult, and in two cases (both on AR 5), nymphs that did not live to maturity were replaced using alatae to re-establish individual apterous nymphs of the twenty adult aphids on each melon genotype to quantify the overall effect of resistance on A. gossypii performance, using the methods of Wyatt & White (1977) .
Population development. To compare population development on the two lines, each third true leaf of ten 4-week-old melon plants of each line was infested with three adult alate A. gossypii confined in a 2.5 cm diameter leaf clip cage. Twenty-four hours after infestation, the adults and all but three newly deposited nymphs were removed from each leaf. These nymphs remained confined to the leaf on which they were born, and the number in each cage was recorded 9 days after infestation. Thus, the total number of aphids per leaf after nine days was a function of developmental rate, fecundity, and mortality.
Results
Developmental expression of resistance. The resistance phenotype appeared to be expressed uniformly throughout the latter stages of leaf development (Fig-Figure 1 . Effect of leaf position and resistance genotype on the total number of nymphs produced by two apterous adult A. gossypii We found no significant interaction between leaf position and genotype (F 3;32 = 0:05, P=0.98), providing strong evidence for constant expression of resistance throughout the latter stages of leaf development. The other experiments in this study should not, therefore, be significantly affected by the variation in developmental stage of the leaves tested. Expression of resistance seems to be uniformly expressed throughout the vegetative tissue, although the third (oldest tested) leaves of all plants supported population increases slightly smaller than those seen on younger leaves (Figure 1 ). The reduction was proportionally similar between AR 5 and PMR 5, indicating that the aphid resistance gene was unlikely to have played a role in this phenomenon. A possible reason for the lower aphid populations on the fully expanded third leaves is that they were senescing and therefore undergoing physiological changes that rendered them less suitable for aphid performance.
Feeding behaviour. The general patterns of A. gossypii feeding behaviour on melon lines AR 5 and PMR 5 are shown in Figure 2 . Initial behaviour during the first 15 minutes of plant contact was generally similar on the two genotypes, when most insects were exhibiting pathway-associated activities (pattern C). The subsequent temporal progressions of stylet penetration activities were also similar on both melon lines. A greater proportion of insects showed waveform F on AR 5, but the difference with PMR 5 was not significant throughout the 3 h access period ( 2 tests, P 0.05). The start of the initial phloem sieve element-associated behaviour (waveform E1) occurred at approximately the same time and in the same number of aphids on both melon genotypes. Thereafter, increasing numbers of aphids exhibited phloem sap ingestion (waveform E2) on PMR 5, reaching almost 50% of the aphids tested at 3 h after initial contact. In contrast, the aphids on AR 5 continued to show occasional E1 activities during the rest of the experiments, but these were rarely followed by E2. Periods of E1 activity during extracellular stylet position (waveform E1e) (van Helden & Tjallingii, 1993) and ingestion from xylem (waveform G) (Tjallingii, 1988) are also possible during EPG recording, but were not observed during this study. (Table 1 ) was used to determine more specific behavioural effects of plant resistance. The time to first cuticle penetration by the stylets was not significantly different between AR 5 and PMR 5 (U 21;21 = 181:5, ns). Similarly, the frequency and duration of waveforms associated with various stylet pathway behavioural elements, primarily pattern C and waveform F, were not significantly different between the genotypes (P 0.05). Aphids on the two melon lines did not differ in the time to the first recorded sieve element activity (E1 waveform), either from the start of the experiments (T 0 ), or from the start of individual probes (P 0 ) in which the first E1 occurred. The results in Table 1 show that neither the number of aphids showing E1 nor the number of E1 events per aphid differed significantly between melon lines.
Quantification of EPG results
Each period of E1 may be followed by one of two possible events. The aphid may withdraw its stylets from the sieve element (E1 to C transition) or maintain the intracellular stylet tip position and begin passive sap ingestion (E1 to E2 transition). Although E1 was observed in 10 of the 21 insects tested on AR 5, only 20% of these aphids made the transition from E1 to E2 on this line, compared to 13 of the 17 aphids (76%) which showed E1 on PMR 5 ( 2 = 6:01, 1 d.f., P 0.05) ( Table 1) . When all E1 events from each genotype were pooled, 3 out of 22 of these events led to the E2 waveform on AR 5 (14%), compared to 15 out of 35 (43%) on PMR 5 ( 2 = 4:07, 1 d.f., P 0.05). The total duration of E1 waveforms per aphid and the duration of each E1 event were both significantly greater on the resistant line AR 5 (P 0.05; Table 1 ). The increased tendency of aphids to initiate E2 on PMR 5 probably contributed to these differences, as the duration of E1 events which led to E2 were shorter than those which led to pattern C on this line (U 15;20 = 92:0, P 0.05).
Since E2 waveforms were rarely observed from aphids on resistant plants, it was not possible to statistically compare the duration of behavioural events represented by E2, or by E1 that preceded E2, of aphids on the two lines (Table 1) . However, the three single E1 events that were followed by E2 on AR 5 had durations of 1.4, 6.5 and 22.8 min, and were therefore all longer than the median value of 0.6 min on PMR 5. The two aphids that exhibited phloem sap ingestion behaviour on resistant plants produced total E2 waveforms of 22.9 and 47.3 min duration.
Honeydew excretion. Patterns of honeydew deposition by A. gossypii were markedly different on the two melon genotypes, with far less honeydew produced on resistant plants (Figure 3 ). Honeydew production generally began in the first hour of leaf contact by aphids on susceptible line PMR 5, compared with 5 hours after leaf contact on resistant line AR 5. By the end of the 12 h access period, aphids produced a mean total of 56:33 4:57 droplets on PMR 5, compared to 5:00 3:16 droplets on AR 5 (F 1;6 = 93:37, P 0.0001). There was no significant effect of day on honeydew production (F 2;6 = 2:04, P= 0.21).
Life history traits. The life history traits of aphids that developed on melon lines AR 5 and PMR 5 are shown in Table 2 . The data from each aphid were treated as separate experimental units, as there was no significant effect of leaf position on any life history trait. On AR 5, the pre-reproductive period was longer, and both the reproductive period and post-reproductive periods were significantly shorter. For these three stages of development, the greatest difference between the two groups of aphids was in reproductive period, with aphids producing nymphs for almost twice as long on susceptible line PMR 5 (U 20;14 = 40:0, P=0.0005).
These three periods were combined to give a median total lifespan that was reduced from 34 d on PMR 5 to 23 d on AR 5 (U 20;15 = 63:5, P=0.004). The difference in sample size between the two preceding analyses was due to one aphid on AR 5 that produced no offspring during the entire experiment. Aphid colour scores after the final moult were significantly lower on AR 5 (F 1;35 = 4:98, P=0.03), indicating that these insects were generally smaller than those feeding on PMR 5. The most dramatic effect of plant genotype was on aphid reproduction, with a 66% overall reduction in the total number of nymphs deposited on AR 5, compared to PMR 5 ( Table 2) . The difference in cumulative nymph production by aphids on the two melon lines over the first 30 d of the experiment is shown in Figure 4 . The variability increased on AR 5 toward the end of this period, due to the accidental loss of five aphids. Daily nymph production on AR 5 was significantly lower throughout the experiment (F 1;31 = 78:86, P 0.0001).
The effects of resistance on aphid performance are summarized by the intrinsic rates of population increase calculated for these aphids. The mean values (S.E.) of r m were 0:3570:015 aphids/aphid/day on PMR 5, compared to 0:232 0:022 aphids/aphid/day on AR 5. The calculation of these values only takes into account those aphids that survived until adulthood, and so the value of r m for AR 5 is an over-estimate, because three of the 20 adults on this genotype died before reaching the adult stage.
Population development. The nine day assay of nymph production on the two melon lines provided clear evidence of the cumulative effect of resistance on aphid population development. Resistance in AR 5 diminished the rate of population increase by 93%, with a median total population of only 4.5 aphids per leaf versus 63.0 on PMR 5 at the end of 9 days (U 10;10 = 0, P 0.0002). We assume that aphids on PMR 5 in this experiment were more productive than those in the life history study in the glasshouse because of the longer photoperiod and narrower range of temperatures in the environmental chamber. The difference between the genotypes may also be more pronounced than that seen in the life history study because, in this case, there was no augmentation of aphids to replace those that had died during the larval stage. This experiment measured the overall effects of resistance on the survival, development, and fecundity of a group of aphids. It therefore provides a more comprehensive assessment of the effect of resistance on aphid performance compared with the results of the life history study.
Discussion
In this study we have characterised the effects of AR 5 resistance to A. gossypii over three different time scales. The 3 h EPG experiments demonstrated that resistance acts when the stylets penetrate phloem sieve elements, and that phloem sap ingestion is impeded. During the 12 h excretion monitoring experiments, we observed that resistance caused a delay in droplet production by five hours. In addition, this delayed onset of feeding was accompanied by a significant reduction in feeding rate. Over longer time periods, aphids feeding on AR 5 showed reduced development, reproduction, and longevity. Thus, resistance in AR 5 acts rapidly to inhibit feeding, and continues to reduce performance throughout the lifetime of A. gossypii.
In the EPG experiments, none of the behavioural elements prior to the first phloem phase were significantly different between the resistant and susceptible lines. Aphids were able to reach the phloem and puncture sieve elements, as indicated by the initiation of waveform E1 on both genotypes, but as the transition from E1 to E2 rarely occurred on AR5, aphids had difficulty feeding on the resistant plants. The E1 waveform may involve ingestion of small quantities of phloem sap to a gustatory organ in the aphid foregut (Wensler & Filshie, 1969) . Chemical solutes of the phloem sap may then be detected and perhaps evoke the rejection of sieve elements in resistant plants. However, such factors would probably be translocated systemically, and Kennedy & Kishaba (1977) did not observe translocation of resistance across graft unions between resistant and susceptible melon plants. Low molecular weight compounds would be expected to travel freely across graft unions; phloem proteins as large as 96 kDa have been observed to translocate across intergeneric grafts within the Cucurbitaceae (Golecki et al., 1997) .
Two important features distinguish our EPG analysis from that of Kennedy et al. (1978) . First, we compared aphid resistant and susceptible melon lines that have highly uniform genetic backgrounds, whereas the previous study compared resistant inbred line 91213 (derived from PI 414723) with PMR 45, an unrelated susceptible cultivar. Second, we used a DC EPG system, rather than the AC system used by Kennedy et al. (1978) . Certain waveforms generated by these two systems may be approximately analogous, but a pertinent difference here is that the DC system distinguishes between two separate phloem phase behavioural elements (represented by the E1 and E2 waveforms), whereas the AC system has only one waveform, the 'XI sequence', called phloem ingestion (McLean & Kinsey, 1967) . The only statistically significant result from the earlier study showed that a greater proportion of aphid probes led to (XI) phloem sap ingestion on resistant line 91213 than on susceptible PMR 45. The relevance of this result to a resistance mechanism, however, is not clear. These authors also showed a greater duration of phloem sap ingestion from sieve elements during a 5 h period on PMR 45 (27.0 min), when compared to 91213 (8.3 min) . This trend is consistent with our finding of no sustained ingestion (E2 waveform) on AR 5 during our 3 h experiment.
The greatest similarity between our study and that of Kennedy et al. (1978) lies in the proportion of recorded phloem contacts that led to ingestion from sieve elements on susceptible, compared to resistant, melon plants. We observed a statistically significant 3.8-fold greater proportion of aphids achieving sap ingestion on PMR 5 (76%) than on AR 5 (20%), while Kennedy et al. (1978) saw a 3.5-fold difference between PMR 45 (14%) and 91213 (4%). The additional information gained from the DC EPG data presented here, is that E1 (sieve element salivation) occurred normally in the resistant AR5, as in the susceptible plants, but that aphids were apparently unable to progress to sieve element ingestion (waveform E2).
Resistance to A. gossypii in C. melo has also been studied in a melon variety derived from the Korean accession of C. melo, PI 161375. The trait was backcrossed into the Charentais-type melon variety Védrantais to produce the aphid resistant variety, Margot (M. Pitrat, pers. comm.) . Chen et al. (1996) , using DC EPG techniques, examined feeding behavioural elements of A. gossypii on these two lines and concluded that the effects of this Korean source of resistance are also expressed in phloem tissue. In this same report, evidence from artificial diet experiments led them to conclude that the resistance factor is a soluble component of the phloem sap. It is unclear whether the effects observed by Chen et al. (1996) are conditioned by the same gene as that expressed in AR 5. We are unaware of any published genetic data that explicitly show an allelic relationship between the Indian and Korean sources of resistance.
In the present study, the alteration of phloemassociated probing behaviour of A. gossypii on AR 5 corresponds to a dramatic inhibition of feeding, as measured by honeydew excretion rates. The results presented in Figure 3 show a consistently lower feeding rate during the first 12 h of leaf contact for aphids on AR 5. Resistance also acts to delay feeding, since excretion began as early as the first hour on PMR 5 and not until the sixth hour on AR 5. These differences corroborate our EPG results, discussed above. Although we cannot statistically compare the duration of E2 waveforms (see results and Table 1), the evidence from data presented in Figure 2 and from the honeydew monitoring experiments (Figure 3) indicate that phloem sap ingestion is greatly reduced on resistant line AR 5.
The efficacy of resistance to aphid development and reproduction in AR 5 was clearly demonstrated when we examined how it affected the performance of A. gossypii. Measurements of life history traits and calculation of r m values showed that on the resistant plants, aphids developed more slowly, survived for 31% fewer days, were smaller, and on average produced 47% fewer offspring per day. The overall effects of these alterations in life history traits were probably the cause of an overall reduction in population size by 90% over 9 days in the study of aphid population development.
The combined results of this and other studies on the interactions between A. gossypii and melon (Kennedy & Kishaba, 1977; Kennedy et al., 1978; Chen et al., 1996) provide evidence for one or more mechanisms of resistance. An emerging central question focuses on whether resistance is mediated by soluble components of phloem sap. The data herein show that the critical phase of leaf penetration by A. gossypii on AR 5 occurs during waveform E1. Evidence from a virus transmission study has linked E1 with secretion of watery saliva into sieve elements (Prado & Tjallingii, 1994) , but the function of this secretion is unclear. Soluble phloem sap chemicals may be detected by the insect during the initial penetration of a sieve element. On resistant plants, this would lead to rejection of that potential feeding site. The greater duration of the E1 waveform on the AR 5 genotype indicates that, if chemical constituents of the phloem sap are repellent, their effect is not immediate. Rather, the insect may be making multiple gustatory samples during this longer period of sieve element evaluation to gain more reliable information regarding the quality of its feeding site.
The longer duration of E1 waveforms on AR 5 plants could also be due to suppression of constitutive or induced phloem defences. Tjallingii (1994) has proposed that salivation into the sieve element during waveform E1 may alter the redox potential of the phloem sap, thus preventing the polymerisation of macromolecules such as P-proteins. Such defences against feeding may have been suppressed early in PMR 5, where the short duration of individual E1 events before E2 (median = 36 s) suggests that the initial phase of the stylet-sieve element interaction was rapidly succeeded by phloem sap ingestion. E1 events that did not result in a transition from E1 to E2 may represent unsuccessful attempts to overcome phloem defences. On the susceptible PMR 5 plants, periods of E1 that led back to pattern C were longer than those leading to sap ingestion (E2). Similarly, the greater duration of E1 on AR 5, compared with PMR 5, may reflect a difficulty in overcoming defensive responses on resistant plants. This interpretation of our results is supported by the work of Shinoda (1993) , who reported higher levels of A. gossypii-induced callose deposition on AR 5 than on PMR 5. Callose is rapidly deposited at the plasma membrane of sieve elements in response to external stimuli such as wounding. Callose deposition has been implicated as a mechanism of resistance to certain fungal pathogens in melon (Cohen et al., 1989; 1990) , where it may block penetration by fungal haustoria. Caillaud & Niemeyer (1996) have compared sap exudation from excised stylets of the grain aphid, Sitobion avenae Fabr., feeding on aphid resistant and aphid susceptible wheat lines. They found reduced exudation from the resistant lines, suggesting an enhanced phloem sealing system in resistant plants that includes callose deposition in sieve elements. Aphids probing on AR 5 might eventually overcome a stylet-induced defence response for brief periods, permitting attenuated rates of phloem sap ingestion. Feeding reduced in this way could account for the altered pattern of honeydew production reported in this study and, ultimately, the dramatic effects of plant resistance on aphid performance.
We have studied the effect of the AR 5 resistance trait on the performance and feeding behaviour of confined apterae in no-choice experiments. Kennedy & Kishaba (1977) conducted behaviour experiments with unrestrained alatae and established that the resistance trait, derived from PI 371795, conditions greater interplant movement by A. gossypii on resistant plants and a greater rate of settling on susceptible plants. We predict a similar expression of antixenosis in AR 5, and will test for this effect in future experiments with unconfined aphids.
Resistance to A. gossypii in melon line AR 5 has a unique combination of features that make this trait an important subject for further research. The trait causes pronounced antibiotic effects on the aphid, is linked to resistance to virus transmission, and is simply inherited. The findings of our study emphasise the importance of examining behavioural details in homopteranplant interactions to identify host tissues in which resistance is expressed. Our conclusion that resistance is expressed in phloem sieve elements suggests future avenues of investigation, including detailed comparisons of phloem characteristics between AR 5 and PMR 5 at biochemical and molecular levels.
